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CONSTANT VERTICAL STATE MAINTAINING CUEING SYSTEM 

Technical Field 

[0001] The present invention relates generally to 
aeronautical vehicle systems, and more particularly, to a 
method and system for cueing a yfehicle operator as to 
maximum allowable accelerations and decelerations that may 
be performed while jztcfintaining a constant vertical state 
without disengajg^ment ^therefrom. 

^ /Background of the Invention 

[0002] In an aeronautical vehicle, such as a helicopter, 

a vehicle ^operator uses control inceptors to control the 
vehicle. Position changes of each control inceptor causes 
changes in orientation of aerodynamic surfaces and engine 
generated output power of the vehicle. In a helicopter such 
changes usually include the pitch of the main and tail rotor 
blades and the angle of a horizontal stabilator. 

[0003] Traditionally, for helicopters, a dominant trend 
has been for a vertical control inceptor to predominantly be 
used in adjusting the pitch of all main rotor blades, which 
is commonly known as collective pitch, and in adjusting 
engine output power. A two axis longitudinal and lateral 
control inceptor is predominantly used in adjusting pitch of 
the main rotor blades as a function of blade position, which 
is commonly known as cyclic pitch. In using the stated 
convention, the vehicle operator can control the vertical 
velocity of the vehicle by adjusting the vertical inceptor 
and he can control the pitch and roll attitude by adjusting 
the longitudinal and lateral inceptors. By controlling the 
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pitch and roll of the vehicle the operator can control the 
longitudinal and lateral acceleration and velocity of the 
vehicle . 

[0004] A vehicle operator can maintain a constant 
altitude or vertical velocity, hereinafter referred to as a 
vertical state, by positioning the vertical inceptor in. an 
appropriate position. The correct vertical inceptor 

position for maintaining the desired vertical state changes 
with changes in the acceleration and velocity along the 
longitudinal and lateral axes, requiring the operator to 
reposition the vertical inceptor. 

[0005] Advanced vehicle control systems currently exist 
in the art for maintaining a specific vertical state. For 
example, a vehicle may have a control system capable of 
maintaining one or more vertical states, including constant 
vertical velocity state, a constant altitude state, or a 
constant flight path angle. Such vehicle control systems 
can function by automatically adjusting the vertical control 
inceptor position or by adding an electronic input in series 
with the vertical inceptor position. 

[0006] Although vertical inceptor positions required to 
maintain a desired vertical state may currently be 
determined, since the vertical inceptor positioning effects 
power output of the engine as well as the collective pitch 
of the main rotor blades, there are many mechanical and 
aerodynamic limits associated with vertical inceptor 
positioning, which can limit the ability to maintain the 
desired vertical state. 

[0007] Examples of such vertical axis limits are actuator 
limits, transmission torque limits, rotor over-speed and 

2 



under-speed limits, rotor stall, rotor vortex ring state, 
and engine performance limits such as temperature and gas 
generator speed. These limits can be represented as minimum 
and maximum limits for vertical inceptor positioning. 

[0008] Difficulties arise when, as a result of other 
vehicle operator actions such as commanding longitudinal and 
lateral accelerations, the vertical inceptor positions 
required to maintain the vertical state exceed one or more 
of the vertical axis limits. Depending on methods used in 
maintaining the desired vertical state and the methods used 
in limiting vertical inceptor positioning, the exceedance of 
a vertical axis limit may result in disengagement from or 
inability to maintain the vertical state or exceedance of 
the limit ( s ) . 

[0009] To maintain the desired vertical state and avoid 
exceedance of a limit a vehicle operator must continuously 
monitor vehicle instrumentation and vehicle performance, 
which distracts from the operators other tasks. Also, in 
order to be able to monitor instrumentation while navigating 
the vehicle, extensive training is required, which costs 
time and money. Also, the vehicle operator to maintain the 
desired vertical state and not exceed a limit, typically, 
operates the vehicle in a conservative manner and does not 
utilize full performance capabilities of the vehicle. 

[0010] A related problem for vehicle operators occurs if 
the desired vertical state changes and the airspeed must be 
reduced to enable the vehicle to maintain the new state. In 
this scenario, the vehicle operator must determine how 
quickly to decelerate the vehicle to allow the new state to 
be maintained and when desiring to maintain a maximum 
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airspeed the operator must avoid reducing speed of the 
vehicle more than required to maintain the new state. 

[0011] It is sometimes necessary for the vehicle operator 
to require sudden deceleration or acceleration of the 
vehicle due to, for example, dangerous or hazardous 
situations. At the same time, it is often necessary during 
such situations to maintain a certain vertical altitude or 
state (for example, to prevent detection or ground contact) . 
During these situations, the maximum and minimum limits of 
various operating conditions of the vehicle should not be 
exceeded in order for the vertical state to be maintained. 
However, it is often difficult for the operator to do so due 
to distractions and other concerns. 

[0012] It is therefore desirable to provide a vehicle 

cueing system that is capable of cueing a vehicle operator 
to the maximum accelerations or decelerations that may be 
performed while maintaining a constant vertical state 
without exceeding any vertical vehicle limits or without 
disengaging, interrupting, or causing the vehicle to no 
longer be able to maintain the vertical state. Also, it is 
desirable that the vehicle cueing system cues a vehicle 
operator in a nondistracting and nonobstructing manner and 
minimize time required of the vehicle operator in monitoring 
vehicle instrumentation and aircraft performance. 

[0013] Additionally, it is desirable that a vehicle 
cueing system operates in conjunction with existing vehicle 
control systems. For an aeronautical vehicle, relationships 
between a control inceptor position and corresponding 
vehicle response are control characteristics of the vehicle, 
which are carefully designed. Altering vehicle response 
characteristic can result in time consuming and costly 
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testing of a vehicle and re-training of vehicle operators. 
Thus, a newly introduced vehicle cueing system should not 
significantly alter this relationship. 

Summary of the Invention 

[0014] The present invention provides a method and system 
for cueing a vehicle operator as to maximum allowable 
longitudinal and lateral accelerations and decelerations 
that may be performed while maintaining a constant vertical 
state without disengagement therefrom. 

[0015] The present invention provides a method for 
calculating maximum acceleration and decelerations (referred 
to as energy limits) that can be achieved on the 
longitudinal and lateral axes while maintaining a constant 
vertical state and not exceeding any vehicle limits related 
to the vertical axis. The energy limits on the longitudinal 
and lateral axes can be represented as minimum and maximum 
pitch and bank attitude limits. 

[0016] The invention includes a method for commanding a 
desired vertical state and for determining the vertical axis 
inputs required to maintain the desired vertical state. In 
addition, the minimum and maximum vertical axis inputs are 
calculated. These values can be changing as vehicle flight 
conditions change. Two vehicle performance parameters 

should be determined, either analytically or experimentally, 
namely the amount that the vertical velocity will change in 
response to small changes in the vertical axis input, and 
the amount the engine or transmission torque will change in 
response to small changes in the vertical axis input. The 
maximum accelerations and deceleration are calculated using 
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these identified vertical axis inputs and vehicle 
performance parameters. 

[0017] Based on the determined information, the present 
invention can use two different calculations to determine 
the energy limits on the longitudinal and lateral axes. The 
first calculation is based on the equation of conservation 
of energy (the "energy method"). This method provides 
accurate calculations when the airspeed is not small. The 
second calculation uses the thrust required to balance 
gravitational forces for non-zero aircraft attitudes to 
calculate the energy limits on the longitudinal and lateral 
axes (the "attitude method"). The latter method is more 
appropriate for lower speed flight. 

[0018] The present invention can be applied to a 
helicopter in several ways. The energy limits can be 
represented as stick limits and can be used to position 
tactile cues on the longitudinal and lateral control 
inceptors. The energy limits can be used to provide aural 
or visual cues to the vehicle operator, or to provide a 
stick shaker cue to the vehicle operator. The energy limits 
further can be used to limit the desired aircraft response 
in software that augments the inherent helicopter control 
response. (This is sometimes known as SAS for Stability 
Augmentation System) . The energy limits can also be used to 
limit the aircraft commands in software that generates 
aircraft flight profiles (sometimes known as Mission 
Computer) . 

[0019] The present invention has several advantages over 
systems without energy limiting. If the energy limits are 
used to cue the vehicle operator using tactile, aural, or 
visual cues, the vehicle operator is better able to utilize 
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the maximum available acceleration and deceleration of the 
vehicle while maintaining a desired vertical state. Such 
cueing also reduces the likelihood that the vehicle operator 
will exceed a vertical limit or fail to maintain the desired 
vertical state. This enables the pilot to spend less time 
performing in-vehicle tasks, such as monitoring instruments 
and vehicle performance, and more time navigating the 
vehicle, which decreases the chances for error. 

[0020] If the energy limits are used in software to limit 
the desired aircraft response, or to limit the flight 
profile, then the desired aircraft response or flight 
profile can be programmed to use the maximum available 
acceleration and deceleration while maintaining a desired 
vertical state. 

[0021] Another advantage of the present invention is that 
it relies only on parameters readily available in most 
aeronautical vehicles, such as helicopters. The minimum 
data that is required from aircraft sensors is torque, rotor 
speed, vertical velocity, pitch attitude and roll attitude. 
Other data that is available includes airspeed, and rate of 
change of altitude. 

[0022] The vehicle controller determines a vertical 
inceptor position to maintain a vertical state. The 
controller positions the vertical inceptor or generates a 
signal to be summed in series with the vertical inceptor 
position or a combination of both to maintain the constant 
vertical state in response to the vehicle performance and 
operator inputs. The controller also determines the maximum 
and minimum vertical inceptor positions based on the vehicle 
limits. The allowable increase and decrease in the vertical 
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inceptor before exceeding the maximum or minimum vertical 
inceptor positions is determined by the vehicle controller. 

[0023] Using the principals of potential and kinetic 
energy, the allowable increase and decrease in the vertical 
inceptor position are related to the potential acceleration 
and deceleration on the longitudinal and lateral axes. An 
alternative method uses the relationship between the thrust 
required to maintain the vertical state and the 
gravitational force to relate the allowable increase and 
decrease in the vertical inceptor position to the maximum 
pitch or roll attitude of the vehicle. 

[0024] The longitudinal and lateral acceleration and 
deceleration are directly related to the pitch and roll 
attitudes of the vehicle. Therefore the longitudinal and 
lateral acceleration and deceleration limits can be cued to 
the pilot as pitch and roll attitude limits. The pitch and 
roll attitude limits can be cued to the pilot through 
various methods including but not limited to tactile cues, 
aural cues, visual cues, and stick shakers. The pitch and 
roll limits can also be enforced by the vehicle controller 
without pilot intervention. 

[0025] The present invention itself, together with 

further objects and attendant advantages, will be best 
understood by reference to the following detailed 
description, taken in conjunction with the accompanying 
drawings . 

Brief Description of the Drawings 

[0026] Figure 1 is a perspective and diagrammatic view of 
a typical helicopter control system in accordance with an 
embodiment of the present invention. 
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[0027] Figure 2 is a flow diagram illustrating a vehicle 
control path in accordance with an embodiment of the present 
invention . 

[0028] Figure 3 schematically illustrates the concept of 
the energy method. 

[0029] Figure 4 is a flow diagram illustrating an 
implementation of the energy method in accordance with an 
embodiment of the present invention. 

[0030] Figure 5 schematically illustrates the concept of 
the attitude method. 

[0031] Figure 6 is a flow diagram illustrating an 
implementation of the attitude method in accordance with an 
embodiment of the present invention. 

[0032] Figure 7 is a logic flow diagram illustrating a 
method of cueing a vehicle operator of maximum allowable 
accelerations and decelerations that may be performed during 
a constant vertical state without disengagement therefrom in 
accordance with an embodiment of the present invention. 

[0033] Figure 8 is a plot for comparing conservation of 
energy based pitch attitude limits to thrust and 
gravitational force based pitch attitude limits in 
accordance with an embodiment of the present invention. 

[0034] Figure 9 is a sample plot illustrating a method 
for bounding the longitudinal inceptor cues to facilitate 
cueing the vehicle operator for corrective inputs if the 
vertical state cannot be maintained without exceeding the 
maximum vertical inceptor limit in accordance with an 
embodiment of the present invention. 
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[0035] List of Symbols 

[0036] The following symbols are used to describe the 
derivation of the equations which are set forth below: 

E Total energy (potential and kinetic) . 

E Time rate of change of energy. 

S Acceleration of gravity. 

h Barometric altitude. 

/J Vertical velocity. 

m Mass of vehicle. 

Q Main rotor torque in percent. 

T Main rotor thrust. 

S b Longitudinal stick position (positive forward) 
[Note: replace with lateral stick position for 
lateral energy management calculations.] 

S Maximum displacement of longitudinal stick. 

S c Vertical controller position. 

§ Vertical controller position for flight path 

c h=0 

angle hold (or zero vertical acceleration) . 
8 r Practical upper limit for the vertical 

controller for safe operation of the vehicle. 



8 c ^ Practical lower limit for the vertical 
controller for safe operation of the vehicle. 

8 Vertical controller position for zero torque. 

Q Pitch attitude (positive nose up) . [Note: 
replace with roll attitude for lateral energy 
management calculations . ] 

Pitch attitude corresponding to full 
longitudinal stick input, 
v In-plane airspeed (x and y-body axis 

components) . 
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v Acceleration along the longitudinal and lateral 

axes . 

d(h)/d(S c ) Vertical control sensitivity corresponding to 
anticipated change in vertical velocity 
resulting from a small change in vertical 
controller position. 

Detailed Description of the Preferred Embodiment 

[0037] While the present invention is described with 
respect to a method and system for cueing a helicopter 
vehicle operator as to maximum allowable accelerations and 
decelerations that may be performed during a constant 
vertical state without disengagement therefrom, the present 
invention may be adapted for any type of aeronautical 
vehicle or system. 

[0038] In the following description, various operating 

parameters and components are described for one constructed 
embodiment. These specific parameters and components are 
included as examples and are not meant to be limiting. 

[0039] Referring now to Figure 1, a perspective and block 
diagrammatic view of a constant vertical state maintaining 
system 10 for helicopter-type aeronautical vehicle 12 in 
accordance with an embodiment of the present invention is 
shown. The cueing system 10 includes control inceptors 18 
and 22 which are coupled to the flight controller 38 of the 
aeronautical vehicle. In the embodiment shown, the system 
10 includes a vertical control inceptor 18 (which is also 
known as a collective lever) and a longitudinal and lateral 
control inceptor 22 (which is also known as a cyclic 
controller) . Movement of the vertical control inceptor 18 
is relayed to the flight controller 38 by, for example, a 
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first position sensor 16. Movement of the longitudinal and 
lateral control inceptor 22 is relayed to the flight 
controller 38 by, for example, second position sensors 20. 

[0040] Pulling up on the vertical control inceptor 18 
causes the pitch of all the main rotor blades to increase 
equally and usually also increases the power output of the 
engine (s) 42. The result to the helicopter in normal flight 
is that the rate of climb is increased. Pushing down on the 
vertical control inceptor 18 has the opposite effect of 
decreasing the rate of climb. 

[0041] The longitudinal and lateral control inceptor 22 
is a single control inceptor with two degrees of freedom and 
controls the longitudinal and lateral attitude of the 
vehicle 12. Fore and aft motion causes the disk swept by 
the blades 40 to tip forward and aft, represented by arrow 
44, resulting in the vehicle nose 46 pitching down and up. 
The longitudinal acceleration of the vehicle or aircraft 12 
is directly related to the pitch attitude of the aircraft. 

[0042] Left and right motions of the inceptor 22 causes 
the rotor disk and the helicopter to roll left and right 
represented by arrow 47. The lateral acceleration of the 
aircraft is directly related to the roll attitude of the 
aircraft . 

[0043] The system 10 also includes various performance 
sensors 23 such as an airspeed sensor 24, one or more 
attitude sensors 26, and a torque sensor 28. In a preferred 
embodiment of the present invention, the attitude sensors 26 
may be in the form of gyro sensors or in another form known 
in the art and include a pitch attitude sensor 30 and a roll 
attitude sensor 32, as shown. Various other vehicle 
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performance sensors known in the art may be included in the 
system 10. The system 10 may also include one or more 
cueing devices 36 which may include, for example, other 
active control inceptors, heads up displays, visual and 
aural systems, stick shakers, or other cueing devices known 
in the art. 

[0044] The flight controller 38 determines maximum 
allowable accelerations and decelerations while maintaining 
a constant vertical state without disengagement therefrom. 
The controller 38 generates a cueing signal and cues a 
vehicle operator as to pitch attitude limits and roll 
attitude limits, which relate to the maximum acceleration 
and deceleration limits. The pitch attitude limits and roll 
attitude limits correspond to positions of the control 
inceptor 22. The constant vertical states may include 
constant altitude, constant vertical velocity, constant 
flight path angle, or other constant vertical states known 
in the art. 

[0045] The vehicle 12 may include rudder pedals 50 or 
other yaw controlling devices known in the art. Pressing on 
the rudder pedals causes the pitch on tail rotor blades 52 
to decrease and increase, resulting in the vehicle 12 yawing 
right and left. 

[0046] The above described inceptors and pedals also may 
be "mixed" such that when one inceptor or pedal is adjusted, 
inputs in series with one or more of the other inceptors and 
pedals may also be made through the vehicle electrical or 
mechanical systems. With these systems, each controller may 
make some input to actuators other than the primary 
actuator. For example, the controls may be arranged so that 
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tail rotor blade pitch is increased automatically as the 
vertical control inceptor is pulled up. 

[0047] The vehicle sensors 14, 20, and 23 may be of 
various types known in the art and may be in various 
locations on the vehicle 12. The sensors 23 may determine 
the current torque, current pitch and roll, longitudinal 
acceleration, lateral acceleration, vertical acceleration, 
current inceptor position, and other vehicle parameters 
known in the art. The torque sensor 28 may measure torque 
directly from the engine (s) 42, at a main shaft 56, or other 
locations . 

[0048] An active control inceptor system may be used to 
adjust the inceptor force characteristics and/or to provide 
tactile cues. Active control inceptor systems are known in 
the art, and it is not necessary to describe one in more 
detail here. The tactile cue representations aid a vehicle 
operator by cueing the operator to the current inceptor 
positions for maintaining a desired vehicle state. 

[0049] The flight controller 38 and the active control 
inceptor system are preferably microprocessor based such as 
a computer having a central processing unit, memory (RAM 
and/or ROM), and associated input and output buses. The 
controllers may be a portion of a central vehicle main 
control unit, an interactive vehicle dynamics module, or may 
each be stand-alone controllers as shown. 

[0050] Referring now to Figure 2, a flow diagram 
illustrating a vehicle control path in accordance with an 
embodiment of the present invention is shown. The vehicle 
operator makes vehicle control inputs through the control 
inceptors 18, 22 and 50. The inceptor inputs result in an 
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inherent control response based on the mechanical linkage or 
the core programmed response for a fly-by-wire vehicle. The 
inceptor inputs 70 can also be used by a flight controller 
to determine the desired vehicle preference 82. The desired 
performance can be programmed to provide smooth and 
predictable response characteristics. The desired 

performance can be compared to the measured performance 78. 
The difference 79 between the desired and measured 
performance can be used to augment the inherent performance 
72. Ideally, the results of the summation 77 of the 
inherent performance 72 and the feedback augmentation 76 is 
that the vehicle performance 74 is equal to the desired 
performance . 

[0051] Within the vehicle control path there exist 
multiple locations where the present invention may be 
applied and implemented. For example, the present invention 
can be implemented as limits on the desired vehicle 
performance path 80. This will allow the vehicle controller 
to bound the desired response. Alternatively, the 

acceleration limits can be applied as tactile cues on the 
control inceptors. The tactile cues have the additional 
benefit of bounding both the inherent control path as well 
as the augmented control path. Finally the acceleration 
limits can be cued to the vehicle operator as visual cues, 
aural cues or stick shakers. While this type of cueing will 
also have the benefit of bounding the direct and augmented 
control paths, it will require the vehicle operator to 
process and respond to the cues and therefore is not 
anticipated to be as effective as the other methods of 
implementing the acceleration limits. 
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[0052] Figure 3 illustrates the concept of the energy 

method. The time rate of change of energy ( E ) can be traded 

between potential and kinetic terms. The kinetic energy 
1 • 

terms are E = — rn v 2 and £ = /wv-v, while the potential energy 

terms are E = mgh and E = mgh. The allowable increase or 
decrease in the potential energy term is calculated using 
the vertical control inceptor positions for maintaining the 
vertical state and the maximum and minimum allowable 
vertical control inceptor positions. The allowable increase 
or decrease in potential energy is equal to the allowable 
increase or decrease in kinetic energy. From the kinetic 
energy equations, the allowable acceleration or deceleration 
is calculated. These equations apply to both the 

longitudinal and lateral axes. 

[0053] Referring now to Figure 4, a flow diagram 
illustrating a conservation of energy based method in 
accordance with an embodiment of the present invention is 
shown. This diagram illustrates how the energy method can 
be implemented. 

[0054] The calculations begin with the fundamental 

calculations of energy: 
» 

E = m-g-h + ^-m-v 2 (1) 
[0055] Taking the derivative of (1) yields: 



E = m- g-h + m-v-v 



(2) 



[0056] The maximum allowable increase and decrease in the 
potential and kinetic energy can be related in derivative 
terms as follows: 

AE mBX = mg • A/i max = mv • Av max ( 3 ) 

^min = mg • A/i min = mv • Av min ( 4 ) 

[0057] Solving for the maximum or minimum allowable 
acceleration yields: 

*v max = — AA max (5) 
v 

Av min =^-A/i min (6) 

[0058] Equations (5) and (6) show how a potential change 
in acceleration or deceleration of the aeronautical vehicle 
is related to the potential change in rate of climb. 

[0059] The calculation of the potential change in rate of 
climb can be estimated from the control margin for the 
vertical axis and the approximation of the vertical control 
sensitivity. Since both acceleration and deceleration 

capabilities are involved, both the potential increase and 
decrease in rate of climb need to be calculated: 

A^ ax =^)/e(^).(^-^J ( 7) 

*K,=d(h)ld{S c )\s c ^-S c J (8) 

[0060] Substituting Equations (7) and (8) into (5) and 
(6) gives the relationship between vertical controller 
parameters and allowable change in acceleration or 
deceleration: 

^-~d{h)/d{S c )\8 c ^-8 c J (9) 
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(10) 



[0061] The acceleration limits can be related to the 
pitch (or roll) attitude limits using: 

Av = -g-sin(A0)*-g-A0 (11) 

[0062] Finally, calculating the maximum and minimum pitch 
(or roll) attitude: 

Aff »o=~'d(h)/d(S c y{s c ^ -S c J (12) 
A* w -~^{h)/d(S c y{S c ^ -S C J (13) 

[0063] Equations (12) and (13) work well when the 
aeronautical vehicle is moving relative to the air mass, but 
do not work well as the airspeed approaches zero because of 
the velocity term in the denominator. For flight near zero 
airspeed, the attitude method calculation is used which is 
based on the thrust required to balance the gravitational 
forces on the aircraft. 

[0064] Figure 5 illustrates the concept of the attitude 
method. The thrust ( T ) required to maintain the vertical 
state of non-accelerated flight must be sufficient to 
balance the gravitational terms ( mg ) for the current pitch 
and roll attitude. By calculating the ratio of the current 
thrust to the maximum thrust, the ratio of the current pitch 
attitude to the maximum pitch attitude (or the current roll 
attitude to the maximum roll attitude) can be determined. 
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[0065] Utilizing Newton's laws of gravitation force, 
force F equals mass m multiplied by acceleration a, as 
shown in Equation (14): 

F = m>a (14) 

[0066] Force F corresponds to thrust T from the blades 
40, mass m is mass of the vehicle 12, and acceleration a is 
the acceleration of gravity g r as shown by Equation (15). 

T = m-g (15) 

[0067] When thrust vector T is not aligned with 
gravitational vector g then pitch angle (or roll angle) is 
taken into account resulting in Equation (16) : 

T '^m (16) 

[0068] Pitch attitudes and roll attitudes are not 
factored into Equation (16) at the same time, since pitch 
attitude limits are determined assuming that roll attitudes 
are unchanged and roll attitude limits are determined 
assuming that pitch attitudes are unchanged. Unchanged 
terms are cancel out. 

[0069] Thrust T is related to torque Q of the engine (s) 
42, which may be measured directly from the engine (s) 42 or 
indirectly at the shaft 56 or blades 40. Thrust T in 
relation to torque Q is represented by Equation (17) : 

T = C r Q* (17) 



19 



[0070] C x is a constant that cancels out when relating 
Equations (18) and (19) below. Substituting Equation (17) 
into (16) results in Equation (18) : 

ci-e*-- 5 * us) 

cos(0) 

[0071] Similarly, for maximum pitch attitude 0 raax related 
to maximum torque£>„ax' Equation (19) is shown: 



mg 
cos(0 max ) 



(19) 



[0072] The effective torque ratio is defined by Equation 
(20) : 



Q 



5, -8. 



(20) 



[0073] Defining the effective torque ratio based on 
vertical inceptor limits provides a more accurate result 
then simply using the ratio of current torque to maximum 
torque. This is because other limits such as rotor speed 
and motor temperature are included and may be more 

restrictive than the maximum torque limit. 

» 

[0074] Relating the current vehicle state or Equation 
(18) to a state for maximum performance, corresponding to 
Equation (19), and canceling constants yields Equation (21): 



cos(0 max ) 



O % cos(0) 



(21) 



[0075] Solving Equation (21) for the maximum pitch yields 
Equation (22) 



cos(0 max )=cos(0) 



< Qmax J 



(22) 



[0076] The allowable change in pitch attitude may be 
calculated, as shown in Equation (23) : 

A0 max = cos" 1 (cos(0) • \-£-f) ~ 6 (23) 

[0077] Substituting Equation (20) into Equation (23) 
yields Equation (24) : 



A0 max =cos" l (cos(^). 



S c -S, 



\ 2 A 



)-0 (24) 



[0078] Equation (24) relates the maximum change in pitch 

attitude A0 max to current pitch angle 0 and the known 

vertical positions <S . S and J 

[0079] Equation (24) may be solved for maximum roll 

attitude limit as well as maximum pitch attitude limit, 

substituting <D for 0 (i.e. substituting bank angle for pitch 
angle) . . 

[0080] Equation (24) does not have a corresponding 
deceleration limit. Instead, the maximum pitch attitude 0 

*■ max 

is valid for both longitudinal acceleration and deceleration 
changes. Likewise maximum roll attitude is valid for both 
starboard side and port side lateral acceleration changes. 

[0081] Figure 6 is a block flow diagram illustrating how 
the attitude method calculation can be implemented. The 
effective torque ratio as described in Equation (20) is 
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calculated at step 100. The effective torque ratio 

calculates the ratio of torque used to maintain the current 
vertical state verses the torque corresponding to the most 
restrictive limit on the vertical axis. If the most 
restrictive vertical limit is the maximum allowable torque, 
then the calculation in step 100 is equal to the percent of 
the maximum allowable torque required to maintain the 
desired vertical state. In step 102, the effective torque 
ratio is transformed into an effective thrust ratio. 

[0082] The maximum allowable pitch attitude is calculated 
in step 104. The attitude method calculation provides an 
absolute limit for the pitch attitude instead of the 
allowable change in pitch attitude. The maximum attitude 
calculation is independent of the sign of the velocity 
terms . 

[0083] For simplicity, the above stated equations and 

Figures 3-8 all refer to a pitch axis for maintaining a 
constant altitude. The equations may be altered to refer to 
a roll axis, however, and to maintain other constant 
vertical states. All of the equations apply equally to a 
pitch axis or roll axis by substituting roll angle for pitch 
angle and lateral inceptor position for longitudinal 
inceptor position. Also, the equations are for example 
purposes only, and the equations may be modified or replaced 
depending upon the application. 

[0084] In Figure 8, solid curve 150 represents the energy 

method based pitch attitude limits and dashed curve 152 
represents the attitude method based pitch attitude limits. 
For example, if the airspeed is greater than 20 knots, then 
the energy method is the more restrictive for nose down 
pitch attitude or accelerating flight. For speeds less than 
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20 knots, the attitude calculations are the more 
restrictive . 

[0085] Figure 9 demonstrates a potential method 160 for 
using the present invention to assist a vehicle operator 
when the vehicle is in a condition where the vertical state 
cannot be maintained without exceeding the minimum or 
maximum vertical inceptor limits. Such conditions can occur 
when there is a sudden change in the desired vertical state 
(for example, the need to climb over an obstacle), or a 
sudden change in one of the vertical limits (such as an 
engine failure) . This invention can be used to guide the 
vehicle operator with corrective action to return the 
vehicle to a condition where the vertical state can be 
maintained without violating the minimum and maximum 
vertical inceptor limits. Figure 9 shows a potential 
solution for a traditional helicopter. 

[0086] In high speed flight, the forward longitudinal 
limit (associated with the maximum nose down or maximum 
acceleration) is allowed to move aft of the neutral 
position, as shown in line 166. The neutral position is 
associated with zero acceleration. The forward longitudinal 
limit moving aft of the neutral position is the equivalent 
of a deceleration command. This effectively cues the 
vehicle operator to trade airspeed for the ability to 
maintain the vehicle start. For a typical helicopter 
configuration, there is a speed of approximately 80 knots 
below which there is no steady state benefit to trading 
airspeed for the vertical state. Therefore, line 166 does 
not extend below this speed threshold. 

[0087] In low speed flight in a traditional helicopter, 
the power required to maintain altitude decreases with 



airspeed up to the minimum power speed of approximately 80 
knots. If there is not enough power to maintain altitude, 
the vehicle operator may have to trade some altitude to gain 
airspeed towards the minimum power speed. With increased 
airspeed, the aircraft may be able to maintain altitude. 
This invention can be used to assist the operator in this 
type of trading altitude for airspeed by always allowing a 
small acceleration during low speed flight as shown with 
line 162. Line 162 ends at the airspeed where there is no 
further benefit for trading altitude for airspeed. 

[0088] In the event of a single engine failure in a dual 

engine helicopter while in low speed flight, the operator 
may suddenly be in a situation where a large amount of 
airspeed for altitude must be traded. Upon recognition of 
such a scenario by the vehicle control system, line 162 can 
be moved out to line 164, allowing the vehicle operator to 
make the larger trading of altitude for airspeed required to 
recover from a single engine failure. 

[0089] Figure 7 is a logic flow diagram illustrating a 
method of cueing a vehicle operator of maximum allowable 
accelerations and decelerations that may be performed during 
a constant vertical state without disengagement therefrom in 
accordance with an embodiment of the present invention. 1 The 
maximum acceleration and decelerations directly correspond 
with maximum and minimum pitch attitudes and roll attitudes 
that are allowable to maintain the constant vertical state. 

[0090] In Step 120, the position of the vertical, 
longitudinal and lateral inceptors are measured by position 
sensors and inputted into the flight controller 38. The 
control inceptors may be manually adjusted by the operator 
or may be adjusted by a back drive or the cueing system 10. 



[0091] In Step 122, the vehicle performance sensors 
generate vehicle performance signals to determine a current 
vehicle state. For example, the airspeed sensor 24 

generates an airspeed signal, and the attitude sensors 26 
generate pitch and roll attitude signals. Likewise, the 
torque sensor generates torque signals. 

[0092] In Step 123, vehicle performance data is 
determined corresponding to a predicted response of the 
vehicle to small changes in vertical inceptor positioning 
including determining vertical velocity sensitivity and 
torque sensitivity. As known in the art, these sensitivity 
values may be determined using experimental data. 

[0093] In Step 124, vertical inceptor positions are 
determined to maintain a desired vertical state, for maximum 
and minimum position limits for structural fatigue and 
aerodynamic limits, and for zero torque. The zero torque 
position may be determined by using the torque sensivity as 
described in Step 123. 

[0094] In Step 126, calculations of pitch and roll 
attitude limits are made as specified in Figure 4 and 
Equations (1)-(13) as described above. 

[0095] In Step 128, calculation of pitch and roll 
attitude limits are made as specified in Figure 6 and 
Equations (14) -(24) as described above. 

[0096] In Step 130, the more restrictive of the limits 
selected in Steps 126 and 128 are selected. This is best 
seen in Figure 8 which shows the relationship between the 
energy and attitude methods as a function of longitudinal 
airspeed. (The graph only shows general trends since the 
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specific values are a function of the aircraft and flight 
conditions . ) 



[0097] In Step 132, a decision is made whether to perform 
software-limiting tasks. If software limiting is to occur, 
Step 133 is performed; otherwise Step 134 is performed. In 
Step 133, pitch and roll attitude limits are used for 
software limiting . 

[0098] In Step 134, the controller 38 determines inceptor 

positions corresponding to the maximum and minimum allowable 
pitch attitudes and roll attitudes, using Equations (25) and 
(26) : 



^=*+^A. (25) 



^=^~f^-^ (26) 

[0099] Softstop positions are calculated from the 
inceptor position limits after compensating for other 
profile characteristics such as a deadband, static shaping, 
and others known in the art. 

[00100] In Steps 135 and 136, limits are applied to the 
calculated longitudinal inceptor limits to allow the low 
speed trading of altitude for airspeed and the high speed 
trading of airspeed for a vertical state as shown in Figure 
9. These limits are only applicable if the vehicle is in a 
state where the vertical state cannot be maintained without 
exceeding one of the vertical limits. 

[00101] In Step 138, the vehicle operator is cued to the 
longitudinal and lateral inceptor position limits. The most 
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restrictive limits from the calculations in Steps 126, 128, 
135, and 136 are selected. The limits can be cued to the 
pilot using tactile cues, stick shakers, visual cues, aural 
cues, or any other method of cueing known in the art. 

[00102] The above-described steps are meant to be an 
illustrative example and the steps may be performed 
synchronously or in a different order depending upon the 
application. Also, the above-described steps illustrate an 
example for constant altitude. Other vehicle dynamic 
attributes may be applied using the present invention. 

[00103] The present invention therefore provides a 
constant vertical state maintaining systems that cues a 
vehicle operator as to maximum and minimum pitch and roll 
attitudes that are allowable for a constant vertical state. 
The present invention converts vertical axis limits into 
longitudinal and lateral limits to provide a vehicle 
operator with better guidance as to the capabilities of a 
helicopter or other aeronautical vehicle. The present 
invention allows a vehicle operator to concentrate more on 
activity outside of an aircraft and less on instruments and 
internal vehicle tasks. 

[00104] The above-described apparatus and method, to one 
skilled in the art, is capable of being adapted for various 
applications and systems including aeronautical vehicles and 
systems, control systems, cueing systems, or other 
applications or systems known in the art. The above- 
described invention can also be varied without deviating 
from the true scope of the invention. 

[00105] While the invention has been described in 
connection with one or more embodiments, it is to be 



understood that the specific mechanisms, processes and 
procedures which have been described are merely illustrative 
of the principles of the invention, numerous modifications 
may be made to the methods and apparatus described without 
departing from the spirit and scope of the invention as 
defined by the appended claims. 
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